A three-dimensional construct of the tension-velocity-length relations of the intact human heart has been obtained in 17 patients by measurement of instantaneous ascending aortic flow velocity, left ventricular (LV) high-fidelity pressure, and end-diastolic volume. Left ventricular instantaneous volume was determined by subtracting the integral of the flow trace, obtained with an electromagnetic velocity catheter, at each 5-sec interval from the end-diastolic volume measured on a biplane left ventriculogram. By utilizing a thin-walled spherical model for the LV, instantaneous velocity of circumferential fiber shortening (VCF), wall tension, and circumferential length were calculated and plotted with the aid of a computer on a three-dimensional perspective graph. The resulting tension-velocity-length relations in seven patients with normal LV function were clearly separated from those of 10 patients with abnormal LV function. Of velocity indices alone, peak VF in circumferences/sec (circ/sec) provided the best statistical separation between the groups with normal and abnormal ventricular function (2.54 + 0.18 [SEM] circ/sec and 1.09 0.15 circ/sec, respectively) (P < 0.001). The time to peak VCF averaged 194 13.2 msec and 167 + 9.3 msec in the patients with normal and abnormal ventricular function, respectively (P > 0.05). Likewise, VCF at peak tension was significantly greater in the patients with normal as opposed to abnormal LV function (1.77 + 0.10 and 0.93 0.15 circ/sec, respectively) (P < 0.001). Time to peak tension was 138 + 14.8 msec and 182 17.1 msec in the normal and abnormal patients, respectively (P > 0.05). Mean VCF also served to separate the two groups, averaging 1.35 0.07 and 0.72 0.10 circ/sec in the patients with normal and abnormal ventricular performance, respectively (P < 0.001). Peak wall tension did not differ significantly between the two patient groups, averaging 231.4 + 15.7 and 273.3 + 16.4 g/cm in the patients with normal and abnormal ventricular function, respectively. Peak instantaneous power was higher in the normal compared to the abnormal group, averaging 8.39 + 0.83 and 5.91 0.60 kg-cm/sec per cm of circumference, respectively (P < 0.05). It is concluded that a three-dimensional construct of left ventricular circumferential velocity, tension, and length during ejection is readily obtainable during diagnostic cardiac catheterization and provides a sensitive and comprehensive description of LV myocardial function in man.
LV PERFORMANCE IN MAN length and tension have been readily derived from measurements of ventricular volume and pressure,6-8 but the quantification in man of the instantaneous velocity of shortening of left ventricular myocardium during ejection has proven more difficult. Previous clinical studies have utilized frame-by-frame analysis of either the motion of radiopaque markers implanted on the epicardium at the time of operation9 or high-speed left ventricular cineangiograms.10 Analysis of epicardial markers is impractical for most patients and does not easily allow interpatient comparisons. Cineangiographic methods, though amenable to computerized data processing," are tedious to execute by hand and dependent upon a subjective determination of the cavity-endocardial interface, particularly during the middle and latter parts of ejection. '2 Moreover, those methods which have been applied primarily to single dimensions of the left ventricle, usually the minor axis, may be misleading in the presence of localized wall motion abnormalities and do not necessarily reflect the performance of an average left ventricular myocardial fiber.
The recent development and application of catheters with electromagnetic velocity probes have provided an additional method of calculating in man an instantaneous fiber-shortening rate for the left ventricle. '3-15 The analog signal obtained with the velocity catheter in the central aorta, when averaged by computer processing over numerous cardiac cycles, provides a low-noise signal of the instantaneous velocity of left ventricular ejection. In addition, by utilizing the end-diastolic ventricular volume measured on biplane cineventriculograms to derive an end-diastolic myocardial circumference and by recording a high-fidelity left intraventricular pressure, a reasonably practical three-dimensional tension-velocity-length relationship can be constructed for the human left ventricle from measurements obtained at the time of diagnostic cardiac catheterization. The present study was designed to test the applicability of this approach for calculation of instantaneous myocardial tension-velocity-length relations and to test its usefulness in analyzing left ventricular function.
Methods

Patients
Eighteen studies were carried out on 17 patients, seven with normal and 10 with abnormal left ventricular function, who were investigated during right and left heart catheterization. The age range, clinical diagnoses, and standard hemodynamic data are listed in table 1. The patients considered to have nor-Circulation, Volume XLVII, May 1973 mal left ventricular function consisted of seven subjects; four had atypical chest pain, two had angina pectoris with normal left ventricular function and without a history of myocardial infarction, and one had the billowing mitral leaflet syndrome without mitral regurgitation. All patients with normal ventricular function had values within the normal range for this laboratory for ventricular end-diastolic pressures (_12 mm Hg), end-diastolic volumes (<80 ml/M2), cardiac index (>2.40 liters/min/m2), and ejection fraction (> 0.52), and symmetric and synchronous wall motion on left ventriculography. There were 10 patients with impaired left ventricular function, one of whom (R.K.) was studied on two occasions, pre-and postmyocardial infarction; eight had arteriosclerotic heart disease, and two had idiopathic myocardial disease. All patients had one or more of the following abnormalities: elevated end-diastolic pressure, elevated end-diastolic volume index, abnormally low cardiac index, low ejection fraction, or gross localized wall motion abnormality on left ventriculography. In 10 of the 11 studies, at least two of the five abnormalities enumerated above were present.
Data Collection
All studies were performed under mild sedation (sodium pentabarbitol, 100 mg) and local anesthesia (1% xylocaine) and catheters were inserted through a right median antecubital incision; a Coumand needle was placed in the left brachial artery. All left ventricular pressures were measured by means of a Statham SF-1 catheter-tip micromanometer in reference to a zero level of 10 cm above the table top. The output of the SF-1 catheter was amplified using a Hewlett-Packard photographic recorder, and stored on a model 3520 Hewlett-Packard magnetic tape recorder at a tape speed of 137 in/sec. The SF-1 high-fidelity pressure recording was calibrated by matching the signal with the simultaneous lumen pressure.
Central aortic flow was obtained utilizing a no. 7 or 8 French gauge EMPCO* series 1000 electromagnetic probe, modified by the addition of a 5-cm flexible radiopaque tail bonded to the end of the catheter. Catheter position was considered satisfactory when there were no sudden sharp movements on fluoroscopy, the electrodes were just above the sinuses of Valsalva, and the flow profile was relatively constant from beat to beat. The Abbreviations: SP = systolic pressure; DP = diastolic pressure; HR = heart rate; CI = cardiac index; AV02 = arteriovenous oxyger! difference; LVEDP = left ventricular end-diastolic pressure; EDVI = end-diastolic volume index; EF = ejectioni fraction; ASHDarteriosclerotic heart disease; SEM = standard error of mean; NS and the profile of flow was assumed to be flat. The velocity signal would thereby be identical with a flow signal. Calibration of stroke volume was obtained by performing tandem indocyanine dye-dilution curve cardiac outputs simultaneously with the recording of flow profile on magnetic tape. For this purpose the indicator was injected into the pulmonary artery and arterial blood was sampled continuously through a Gilford cuvette densitometer. Left ventricular end-diastolic volume was measured using the area-length method17 on nearly simultaneous frames of a biplane cineangiogram recorded on 35-mm film in the anteroposterior and lateral projections and performed in midinspiration by selective injection of 50-70 ml of Hypaque 75 into the left ventricle over 2-3 sec. Heart rate varied by 10% or less during the left ventricular angiographic studies as compared to the mean heart rate during the aortic velocity measurements. Five patients were excluded from the study because of greater differences in heart rates between the recording of the aortic velocity signal and the cineangiogram, or the absence of normal sinus rhythm during the exposure of the left ventricular cineangiogram. nonsignificant (P > 0.05).
Data Processing
Pressure, velocity, and electrocardiographic magnetic tape recordings were analyzed using a Sigma-3 digital computer and displayed on a Calcomp incremental plotter ( fig. 1 ). The pressure and velocity signals were sampled continuously at 1-msec intervals and each five consecutive samples were averaged to produce one reading every 5 msec. A QRS indicator synchronous with the peak of the R wave of the electrocardiogram was used as the time reference for each beat. The sequential 5-msec values relative to the QRS indicator were then averaged over a series of beats to obtain an "average" left ventricular pressure and aortic flow profile. The flow curve was integrated and calibrated by setting the integral of all readings above the last 100 msec of end-diastolic flow (zero flow) equal to the mean stroke volume in ml. Only pressure and flow beats of equivalent heart rate were utilized for subsequent calculations of ventricular mechanics. The electronic signal delay was assumed to be equal for both pressure and flow recordings.
Calculations
Instantaneous volume of the left ventricle was obtained by subtracting the integral of flow at each 5msec reading of the averaged velocity signal from the Circulation, Volume end-diastolic volume. The regression formula for calculation of ventricular volume described by Dodge et al.17 was used for correction for papillary muscles, and a standard grid was used for correction of X-ray magnification. A spherical model was assumed for ventricular volume to calculate the average circumferential tension and velocity of shortening for irregularly shaped chambers. Radius was calculated at each 5msec interval by solving the equation for a sphere, V = 4/3 X r3, for r, where V = instantaneous volume in cm3 and r = radius in cm. Circumferential tension per unit length in g/cm, using the La Place formula of tension _ pressure (g/ cm2) x radius (cm) 2 was utilized as an index of muscle load. Velocity of circumferential fiber shortening was computed at the inner wall as 27rdr/dt, where dr/dt = dV/dt 4rr2 Both peak velocity of circumferential fiber shortening and velocity of circumferential fiber shortening at peak tension were analyzed and compared. Mean velocity of circumferential fiber shortening was calculated as the difference between end-diastolic and end-systolic circumference corrected by dividing by the end-diastolic circumference and divided by the systolic ejection period as measured on the aortic flow tracing. Instantaneous power per unit length of circumference Circulation, Volume XLVII, May 1973 (kg-cm/sec/cm) was calculated as the product of wall tension (g x 10-3/cm) and velocity (cm/sec).
Results
End-Diastolic Circumference and the Extent of Shortening
The end-diastolic circumference in the patients with impaired function was significantly greater than in those with normal function averaging 22.5 + 0.78 (SEM) cm and 18.5 + 0.45 cm, respectively (P< 0.001) (table 2).
The extent of circumferential systolic shortening, expressed as a percentage of end-diastolic circumference, averaged 32.0 + 2.3% in the normal group and 15.7 + 2.9% in the group with impaired function (P < 0.001). This expression is related to the ejection fraction, and correlated well with this parameter of left ventricular performance, as measured by cineangiography (r = 0.85). Peak Instantaneous Velocity of Circumferential Fiber Shortening (Peak VCF)
The peak instantaneous rate of shortening of the derived circumference in cm/sec averaged 38. Circles identify patients with normal ventricular function; triangles, patients with impaired ventricular function. Mean value for group indicated by bar. (Middle) Velocity of circumferential fiber shortening at peak tension plotted in cm/sec on the left and circ/sec on the right. Same symbols as in upper panel. (Lower) Mean velocity of circumferential fiber shortening in cm/sec on the left and circ/sec on the right. Same symbols as in upper panel.
impaired function, 19.1 + 9.2 cm/sec and 0.93 0.49 cire/sec. Both of these differences were statistically significant (P < 0.001). The time from the peak of the R wave on the electrocardiogram to VCF at peak tension averaged 138 ± 14.8 and 182 + 17.1 msec for the patients with normal and abnormal ventricular function, respectively (P = NS).
Mean Velocity of Circumferential Fiber Shortening (Mean VCF)
The mean velocity of circumferential fiber shortening averaged 1.35 ± 0.20 circ/sec in the patients with normal and 0.72 ± 0.31 circ/sec in the patients with abnormal ventricular function Circulation, Volume XLVII, May 1973
Three-Dimensional Force-Velocity-Length Loops
A comprehensive graphic analysis of myocardial function is provided by a three-dimensional perspective plot of instantaneous tension, velocity, and circumference. Figure 3 displays the computerplotted loops obtained from two patients, one (K.O.) with normal and the other (R.S.) with impaired ventricular function, each of whom is representative of his respective group. Each adjacent vertical line represents the computer printout for a 5-msec interval. The base of the three-dimensional plot represents the length (circumference)tension relation during systole. The projection to the left provides the length (circumference)-velocity plot and indicates the extent of circumferential shortening as well, while the projection to the right represents the tension-velocity relation. In the patients with normal ventricular function, velocity of shortening rose sharply and continued to rise even as tension fell; wall tension was lower during the second than during the first portion of ejection. In contrast, in the patients with impaired function, velocity of shortening rose sharply but was not sustained as systole progressed and as wall tension continued to increase. Again, in contrast to the findings in patients with normal ventricular function, in those with impaired ventricular function, wall tension was considerably higher during the second than during the first half of ejection. In patients with impaired ventricular function, peak velocity of circumferential fiber shortening occurred at a greater circumference and tended to occur at a higher tension than in patients with normal function. Consequently, there was a clustering of the peak of the latter patients' threedimensional loops toward the far corner, i.e., where velocity is low and tension and circumference are high. Figure 4 is the left-hand projection of the threedimensional plot, showing the relation between peak velocity of shortening and the simultaneous instantaneous circumference in each study. There is obvious separation of the data obtained from patients with normal from those obtained with impaired function. Figure 5 represents the righthand projection of the three-dimensional graph showing the relation between the peak velocity of shortening and the simultaneously occurring wall tension in each patient, and again separation of the two groups is evident. An additional hemodynamic variable, i.e., instantaneous power at peak velocity, is shown by the power isopleths on this projection and was also found to separate the two groups; it averaged 8.39 ± 0.83 kg-cm/sec/cm in the patients with normal functions and 5.9 ± 0.60 kg-cm/sec/cm in those with impaired function (P < 0.05).
An example of the usefulness of the threedimensional plot in describing myocardial performance is illustrated in figure 6 . The large loop represents data obtained from a patient (E.N.) with essential hypertension but without any cardiac dysfunction. In spite of a high afterload associated with systemic arterial hypertension, his peak velocity of circumferential fiber shortening was higher and circumference was shorter than that in a patient (L.H.) with impaired function with a comparable wall tension, whose data are shown by the small loop.
Discussion
In the present study, the temporal relationships throughout systole of tension, velocity, and length of an average circumference of the human left ventricle have been displayed in a three-dimensional perspective plot. Since velocity of shortening is dependent not only on the myocardial contractile state, but also on preload, i.e., myocardial enddiastolic fiber length, and on afterload, i.e., systolic tension, this graph serves to distinguish abnormalities of cardiac loading from those of contractility. Moreover, such a construct provides a comprehensive graphic analysis of clinical myocardial failure; various combinations of decreased velocity and extent of shortening, cardiac dilation, and increased wall tension are all readily and simultaneously obtainable on the three-dimensional plot. This approach to the assessment of cardiac function in man has been facilitated by the measurement of instantaneous velocity of ascending aortic blood flow using a catheter-tip velocity probe.
The assumptions and problems with respect to the use of the velocity-probe catheter for calculation of circumferential shortening rate must be considered. Blood flow velocity, as measured by this catheter, is directly proportional to flow only when the cross-sectional area of the aorta is constant. In previous investigations in 10 patients, the average deviation in the cross-sectional area of the ascending aorta was 11% of the diastolic value with a range of 5.4-16.8%. 19 Therefore, the average error in the calculation of ascending aortic flow from velocity and cross-sectional area would be affected by a Circulation, Volume XLVII, May 1973 deviation of ±5.5%, around the mean value for cross-sectional area between end-diastolic and peak systolic pressures. Thus, the error introduced by extrapolating velocity to flow, though present, is not large and was not corrected for in this study. However, if necessary, this correction could readily be introduced.
Secondly, the profile of flow in the ascending aorta, in which velocity is sampled, may not be entirely flat, particularly in aortic stenosis. Attempts were made to minimize this source of error in our patients by placing the sensing electrodes just above the sinuses of Valsalva near the inlet of flow, where a nonflat velocity profile might not yet have had the opportunity to develop and where the presence of the catheter in midstream would tend to blunt the profile. Thirdly, motion artifact has been present in previous studies utilizing velocity probes,15 but was significantly minimized here by stabilizing the probe in the central aorta by placing a tail through the aortic valve into the left ventricle (Uther JB, Peterson KL, Shabetai R, Braunwald E: Unpublished data). Finally, derivation of ventricular circumferential shortening rate is dependent upon all ejected flow being sensed by the velocity probe. Therefore, the method is not applicable to Threc-dimensional perspective plot of left ventriciladr velocity, tension, and circumferenice. Velocity is plotted in cmlsec oni the vertical (Y) axis in the backgrounid; circuimferenice ill cm is plotted on the hloriz.onital (Z) axis, extending from the far corner to the left; tension is plotted in gl/cn on the horizontal (X) axis, extending from the far corner to the right. The Prex ious efforts to calculate an instantaineous or mean rate of shorteniing for the left velntricle have been made bxt chordal anialvsis of the minor axis on left -entricular cineangiograms.l' 11 Although both peak anid mean velocity of circumferential fiber shorteninig biy these methods appear useful in separatincg normal from abnormal myocardial funetion.' '' thiey may be erroneously low and, therefore, nonrepresentative of the whole left x-entricle if takeni in the area of a segmental wall motioni disorder. In the present studv, a thiini-walled splherical model wxas uitilized to obtain average alues forxelocitx of shorteningu particularly in 933 ,`l --
patients with arteriosclerotic heart disease. Although the spherical model tends to underestimate the extent of shortening of the minor axis, it should serve to average out the dimensions of any geometric shape and remain sensitive to any diminution in overall speed and extent of myocardial fiber shortening. Using velocity of shortening alone as an index of myocardial function, the peak instantaneous rate of circumferential shortening appeared to separate the normal from the abnormal patients most effectively although mean velocity of shortening was likewise relatively effective. The improved discriminative power of peak velocity of circumferential fiber shortening as compared to previously reported data"8 on mean velocity likely reflects improved assessment provided by instantaneous dimension change by the velocity catheter or more strict patient selection for the normal group, or both. A thin-walled spherical model was utilized for calculation of left ventricular wall tension in order to simplify calculation of wall force and to avoid the difficulties inherent in analyzing an irregular geometric shape and its average diameter and wall thickness from the left ventricular cineangiogram. It is recognized that the use of a formula for a thinwalled structure for one with thick walls tends to overestimate wall forces, particularly at peak levels. Moreover, the discrepancy between the calculation of force per unit length (tension) and force per unit cross-sectional area (stress) becomes greater as the wall thickness increases and makes interpatient comparisons difficult. However, the time to peak tension and stress are nearly identical with both calculations, allowing interpatient comparisons of VCF at peak tension to be made.6 Although a spherical model was advantageous for this particular study, the three-dimensional construct may lend itself equally well to the use of other geometric models such as a thick-walled ellipsoid of revolution.
Because of the limited duration of active state, the time to peak velocity of circumferential fiber shortening and to velocity of shortening at peak tension must be assessed in order to make interpatient comparisons of these velocity indices. Although the group means were not significantly different by statistical analysis, the time to velocity of circumferential fiber shortening at peak tension tended to be greater in the abnormal as opposed to the normal group.
Thus, the active state may have been considerably diminished by the time peak tension was reached in the patient with abnormal myocardial function, thereby partially accounting for his diminished velocity at that instant. This consideration may partially explain the insensitivity of velocity of circumferential fiber shortening at peak tension in separating the patients with normal and abnormal ventricular function. The time to peak velocity of circumferential fiber shortening tended to be longer in the patients with normal as opposed to abnormal ventricular function, and, therefore, the active state would have been more dissipated in the normal patients by the time peak velocity of circumferential fiber shortening was reached. Thus, it is unlikely that time considerations relative to active state duration can explain the observed differences between normal and abnormal patients in peak velocities of shortening of the left ventricle.
Since velocity of shortening, operating length, wall force, and time are all important factors in assessing left ventricular myocardial performance, we have attempted to demonstrate their instantaneous interrelations by means of the three-dimensional time-labeled perspective plot. Our threedimensional construct is similar to that used previously for the intact heart,20' 21 although we have avoided the assumption of the characteristic of series elastic elements in the myocardium and instead utilized only the calculated velocity of circumferential wall motion. Recent studies on isotonic contractions in the intact left ventricle of the dog have demonstrated an inverse curvilinear (approximately hyperbolic) relationship between the initial velocity of circumferential shortening and wall stress, analgous to that between calculated contractile element velocity and tension.22 Also, earlier work with variably afterloaded auxtonic contractions demonstrated that the inverse relationship between velocity of wall motion and wall tension was sensitive to interventions which changed inotropic state. 4 Thus, there appears to be justification for using velocity of wall motion in our three-dimensional construct. In addition to avoiding the assumption of a particular muscle model, direct measurement of wall motion velocity obviates the assumption of a constant coefficient of series elasticity which may well differ in patients with normal and abnormal hearts. Thus, no effort was made to calculate the velocity of shortening of a theoretic contractile element. However, the method does lend itself to the use of such a calculation if it is desired to do so.
In conclusion, the primary advantages of this three-dimensional construct for assessing myocardial function are its comprehensive description of myocardial performance, its applicability to patients with irregularly shaped ventricles, as in ischemic heart disease, to data processing and plotting by digital computers, and to the collection of average physiologic information over many cardiac cycles. Efforts are presently underway to utilize a catheter with a distal transducer for ventricular pressure measurement and proximal electromagnet for simultaneous measurement of ascending aortic flow. Such a catheter will significantly increase the ease with which the threedimensional analysis of systole can be obtained. By using on-line computer analysis and plotting, it will be possible, in the course of a routine cardiac catheterization, to characterize left ventricular function by a three-dimensional analysis of ventricular systole.
